Heat shock (438C, 45 min) induced transient nuclear accumulation of p53 in primary human ®broblasts without any clonogenically toxic eects. The accumulation of p53 reached a maximal level 3*5 h after heat shock, and returned to the basal level within 12 h. Following the increase in p53 level, cell cycle arrest at G1/S was observed in normal ®broblasts, whereas neither nuclear accumulation of p53 nor cell cycle arrest were observed in HeLa cells. By comparing cell cycle patterns of heat-treated mouse cells with dierent genotypes at the p53 locus (+/+, +/7, 7/7), the observed cell cycle arrest at G1/S was demonstrated to be p53-dependent. Cell cycle arrest in normal human ®broblasts continued for nearly 24 h, resulting in a one day delay of cell growth compared with non-treated cells. Following enhancement of the p53 level, the amount of p21/WAF1/ CIP1 increased, and the high level of p21 was sustained for almost one day in a cell cycle-independent manner, suggesting the involvement of p21 in the inhibition of cell cycle progression by heat shock.
Introduction
The p53 protein is a multifunctional transcription factor which controls expression of a set of genes possibly involved in regulation of the cell cycle under conditions of stress. Somatic mutations in the p53 gene are the most common genetic changes found in human neoplasms (Hollstein et al., 1991; Lane and Benchimol, 1990; Levine et al., 1991) . Patients suering from Li-Fraumeni syndrome who inherit one defective p53 gene manifest an increased incidence of malignant tumors (Malkin et al., 1990) . Similarly, p53-de®ciency mice produced by gene targeting are prone to spontaneous development of various types of neoplasia (Donehower et al., 1992; Tsukada et al., 1993) . These lines of evidence suggest that p53 plays a pivotal role in the malignant progression of tumor cells.
Wild-type p53 is normally expressed at very low levels in many dierent tissues which is mainly due to the short half-life of the protein (Oren et al., 1981) . p53 is accumulated in nuclei at high levels in cells exposed to ionizing radiation, ultraviolet (u.v.) light or following introduction of some restriction enzymes (`the p53 response') (Kastan et al., 1991; Lu and Lane, 1993; Maltzman and Czyzyk, 1984) . Treatment of various non-lymphoid rodent and primate cells with a number of drugs for cancer therapy also causes nuclear accumulation of wild-type p53 (Fritsche et al., 1993) . These studies suggested that DNA lesions caused by various types of DNAdamaging agents evoke the nuclear accumulation of wild-type p53.
The increase in the level of p53 protein upon DNA damage is not due to enhanced transcription of the p53 gene but to stabilization of p53 protein (Maltzman and Czyzyk, 1984) . Accumulation of wild-type p53 is followed by a decrease in DNA synthesis and cell cycle arrest mainly at G1 (Kastan et al., 1991) . Recently, Cross and colleagues (Cross et al., 1995) showed that the cell cycle of p53-de®cient mouse ®broblasts proceeds through the M-phase even when they are exposed to mitotic spindle inhibitors, and they concluded that p53 also participates in a mitotic checkpoint. The cell cycle arrest is mediated by enhancement of p53-dependent expression of p21/ WAF1/CIP1, a cyclin-dependent protein kinase inhibitor (el-Deiry et al., 1993; Harper et al., 1993) . p21/WAF1/CIP1 can also associate with proliferating cell nuclear antigen (PCNA), which is an essential factor for both DNA replication (Tsurimoto and Stillman, 1990) and nucleotide excision repair (Shivji et al., 1992) , and thus inhibits viral DNA replication in vitro (Waga et al., 1994) . Taken together, these observations suggest that the accumulation of p53 evoked by various types of DNA damage evokes inhibition of cell cycle progression at dierent points in the cell cycle and functions to check the integrity of the genome, thus helping to conserve genomic stability.
We previously showed that wild-type p53 can be accumulated by various cellular stresses such as heat shock, osmotic shock, heavy metals (cadmium), a blocker of the cellular respiratory system (NaN 3 ), amino acid analogues (azetidine and canavanine), an inhibitor of protein synthesis (puromycin), oxygen free radicals (H 2 O 2 ) (Sugano et al., 1995) and an inhibitor of transcription (a-amanitin) (Yamaizumi and Sugano, 1994) . Graeber et al. showed that in addition to heat shock, hypoxia also causes the nuclear accumulation of p53 (Graeber et al., 1994) . However, nothing is known about whether the transiently accumulated p53 induced by these cellular stresses has similar eects on the cell cycle to those induced by DNA damage. In this study, we investigated the eects of elevated levels of p53 induced by heat shock on the subsequent cell growth and cell cycle progression.
Results

Time course of nuclear accumulation of p53 induced by heat shock
To determine the time course of nuclear accumulation of p53, normal human skin ®broblasts were exposed to heat shock (438C, 45 min), and then cultured for various periods at 378C. After ®xation, accumulation of p53 was monitored by indirect immunostaining using a monoclonal antibody against p53. Nuclear accumulation of p53 was detected as early as 30 min after heat shock, and reached a maximal level 3*5 h after heat shock (Figure 1a and b) with more than 90% of treated cells showing high¯uorescence intensity. The intensity of¯uorescence and the frequency of p53-positive cells began to decline 6 h later and returned to a basal level within 12 h. This time course was quite dierent from that observed in u.v.-irradiated cells where the enhanced p53 level lasted for more than one day (Figure 1b) . In HeLa cells, p53 protein associates with E6 protein constitutively expressed by the human papilloma virus (HPV) genome. This association promotes degradation of p53 (Schener et al., 1990) . Nuclear accumulation of p53 was not observed in HeLa cells under the heating conditions employed for normal human ®broblasts or after u.v.-irradiation in the range of 0*40 J/m 2 (data not shown).
Cell cycle arrest after heat shock
To examine the eects of heat-induced nuclear accumulation of p53 on the subsequent cell cycle progression, normal human ®broblasts were heated for 45 min at 438C, and then incubated for various periods at 378C. Changes in the distribution of DNA content were analysed by¯ow-cytometry after staining ®xed cells with propidium iodide (PI). The population of cells in the S-phase decreased at least during the period from 12*24 h after heat treatment to an extent similar to that observed in u.v.-irradiated cells (Figure 2 ). The population in the G2/M-phase increased concomitantly. This increase was more prominent in heattreated than u.v.-irradiated cells. These results suggested that heat shock induced both G1/S arrest and G2/M arrest. To con®rm the G1/S arrest after heat shock, we used a double staining method for¯ow-cytometry. Asynchronous populations of normal human ®broblasts at the logarithmic growth stage were incubated for various periods at 378C after heat shock, and labeled for 20 min with bromodeoxyuridine (BrdU). Fixed cells were then stained for DNA with PI and for incorporated BrdU with a monoclonal antibody against BrdU, then analysed by¯ow-cytometry. While the percentage of non-treated cells in the S-phase was 13.1%, that of heat-treated cells was below 1.1% at 12 h after heat shock (Figure 3 ). This reduction in the Sphase population continued for more than one day. In contrast, no changes were observed in the cell cycle of p53-de®cient HeLa cells after heat shock (Figure 3) , suggesting the involvement of p53 in the G1/S arrest.
To con®rm that the observed cell cycle arrest after heat shock was dependent on the accumulation of p53, we compared the cell cycles of heat-treated embryonal lung ®broblasts derived from mice with dierent p53 genotypes produced by gene targeting. Whereas cells with +/+ or +/7 of p53 genotypes showed decreases in the S-phase population after heat shock, the cell cycle of p53 7/7 cells showed no changes (Figure 4 ). Since these three types of mouse cells had the same genetic background except for the p53 gene, these results clearly indicated that the observed cell cycle arrest at G1/S was dependent on p53.
Eects of heat shock on cell growth
The cell cycle arrest induced by heat shock would cause retardation of cell growth. To con®rm this, normal human ®broblasts at the logarithmic growth stage were exposed to heat (438C, 45 min), and then cell number was counted periodically. As shown in Figure 5a , cell number changed little over the 24 h period after heat shock, and then the growth rate recovered to that in untreated cells. In contrast, heat-treated HeLa cells or mouse cells de®cient in p53 showed the growth rates nearly comparable to those of non-treated cells after short time retardation, and then the growth rates of these cells remained slower than those of non-treated cells ( Figure 5a ). The short time growth retardation and the slower growth rates observed 2 days after heat shock in these p53-defective cells may have been due to the partial cell cycle arrest at G2/M observed by¯ow-cytometry (data not shown) and cell death (Figure 5b ), respectively. The growth delay observed in normal human ®broblasts may have been caused by inhibition of cell cycle progression or cell death due to heat High density levels were shown by yellow, dark blue and orange dots, and low density levels were shown by green and purple dots. After heat treatment, cells were cultured for 0 h (a and f), 6 h (b and g), 12 h (c and h), 24 h (d and i), or 48 h (e and j) at 378C. At the end of the each culture period, BrdU was incorporated for 20 min. In total, 15000 cells were analysed with a¯ow-cytometer (FACS system, Becton Dickinson). In c, and d, the total number of cells seems to be small due to concentration of distributions on restricted areas. Upper panel; normal human ®broblasts, lower panel; HeLa cells G1/S arrest by heat shock through p53 M Nitta et al shock. To discriminate between these two possibilities, the eects of heat shock on clonogenic toxicity were determined by a colony-forming assay. Sparsely inoculated cells were treated at 438C for various periods and the colony-forming fraction was determined by counting colonies after 7*10 days. Although heat shock signi®cantly reduced the colony-forming ability of cells with defective p53 function (HeLa cells or mouse p53 7/7 cells) (Figure 5b ), almost no eect was observed on normal human ®broblasts even after heating for 90 min (Figure 5b) . Thus, the observed growth retardation was caused by cell cycle arrest mainly at G1/S phase.
p53-dependent expression of p21 after heat shock p53 is a transactivator of a set of genes which contain consensus p53-binding motifs in the 5' upstream regulatory region. Among these genes, p21/WAF1/ CIP1 functions as an inhibitor for CDK/cyclin complex, and is thus supposed to have a critical role in regulation of the cell cycle. To investigate whether the transient increase in p53 after heat shock induces accumulation of p21, normal human ®broblasts were heat shocked, and incubated for various periods at 378C. p21 level was determined by Western blotting. Induction of p21 was detected as early as 6 h after heat shock, and the elevated level was maintained for nearly 24 h (Figure 6a ) which coincided with the duration of impaired cell cycle progression (Figure 3) . In contrast, no induction of p21 was observed with heat-treated HeLa cells even when a threefold greater amount of cell extract was applied to the gels (Figure 6a ).
To con®rm that the observed induction of p21 after heat shock was dependent on the accumulation of p53, induction of p21 in heat-treated mouse cells with dierent genotypes of p53 was determined in the same way. Again, induction of p21 was observed only in mouse cells with the wild-type p53 allele (Figure 6b ). The induction of p21 occurred following nuclear accumulation of p53, and the duration of elevated p21 level coincided with the time of cell cycle arrest (Figure 4) To investigate the relationship between the induction of p21 and the cell cycle, heat-or u.v.-treated normal human ®broblasts were cultured for various periods, stained by both PI and an anti-p21 monoclonal antibody, and analysed by¯ow-cytometry. Induction of p21 was observed throughout the cell cycle. However, induction of p21 by heat shock was reproducibly predominant in the G2/M phase of the cell cycle, whereas that induced by u.v.-irradiation was predominantly in the G1 phase (Figure 7 ).
Discussion
In this study, we demonstrated that heat shock stimulates transient nuclear accumulation of p53 in normal human ®broblasts, which causes cell cycle arrest both at G1/S and G2/M. Since this arrest was dependent on p53, some factor(s) regulated by this transcription factor might be responsible for the arrest. One plausible candidate for such a molecule is p21/WAF1/CIP1, an inhibitor of a CDK/cyclin protein kinase complex. Indeed, the amount of p21 increased following accumulation of p53, and the duration of the cell cycle arrest almost coincided with the duration of increased p21 level. Similar kinetics of accumulation of p53 and consecutive elevation of p21 after heat shock have recently been reported with human glioblastoma cells with the wild-type p53 gene (Ohnishi et al., 1996) . p21 is necessary for the G1 arrest in cells treated with DNA-damaging agents (el- Figure 4 Double staining cell cycle analysis of mouse ®broblasts with dierent p53 genotypes after heat shock. Distributions of cells at each stage of the cell cycle and BrdU incorporation in heat-treated mouse ®broblasts with dierent p53 genotypes are shown by density plots. High density levels were shown by yellow, dark blue and orange dots, and low density levels were shown by green and purple dots. After heat treatment, cells were cultured for 0 h (a and f), 6 h (b and g), 12 h (c and h), 24 h (d and i), or 48 h (e and j) at 378C. Upper panel; p53 +/+ mouse ®broblasts, lower panel; p53 7/7 mouse ®broblasts. Cell cycle patterns of p53 +/7 mouse cells after heat shock were basically the same as those obtained in p53 +/+ mouse cells (data not shown) G1/S arrest by heat shock through p53 M Nitta et al Deiry et al., 1993) . However, Yuan et al. showed recently that c-Alb tyrosine kinase is involved in the G1 arrest after g-ray irradiation, whereas p21 is dispensable (Yuan et al., 1996) . It is not known at present whether the signaling pathway for the cell cycle arrest induced by heat shock is the same as that induced by DNA damage or whether p21 is de®nitely involved. Although the amount of p53 protein returned to the basal level by 12 h after heat shock, the amount of p21 protein remained at a high level for nearly one day. These observations suggest that the half-life of either p21 or its message is long whereas that of wild-type p53 protein is very short (Ciechanover et al., 1991) . In addition to G1/S arrest, heat shock induced G2/M arrest, which was more prominent in heat-treated than in u.v.-irradiated cells. Since p53 is involved in both G1/ S and G2/M arrest (Agarwal et al., 1995) , the observed G2/M arrest may be explained by the induction of p21 in the G2/M phase in heat-treated cells with functional p53 (Figure 3) . However, G2/M arrest was also observed albeit to a lesser extent in p53-defective cells (HeLa cells, and p53 7/7 mouse cells, data not shown). Therefore, G2/M arrest may be evoked by a combined mechanism including a p53-dependent signaling pathway. High temperature induces disassembly of microtubules, which may also inhibit progression of the cell cycle from M-phase (Brown et al., 1996) .
Almost nothing is known regarding how heat shock evokes nuclear accumulation of p53. Induction of p53 by DNA-damaging agents such as ionizing radiation or u.v. occurs in a dose-dependent manner (Maltzman and Czyzyk, 1984) . Although heat shock has been reported to induce DNA damage (Minisini et al., 1994) , the extent of damage induced by heat seems to be insucient to evoke the`p53 response' compared with that induced by irradiation (Maltzman and Czyzyk, 1984) . One possible mechanism to explain this is that after heat shock p53 may associate with heat shock protein Hsc 70. Since mutant types of p53 associate with Hsc 70 (Hainaut and Milner, 1992 ), Heat-treated mouse ®broblasts with dierent p53 genotypes were cultured at 378C for 3 h (b and i), 6 h (c and j), 9 h (d and k), 12 h (e and l), 18 h (f and m), or 24 h (g and n). Non-treated cells, which were cultured at 378C, were used as controls (a and h). Heat-treated p53 +/+ mouse ®broblasts cultured at 378C for 9 h, were used as a positive control (o). Whole cell lysates were analysed by Western blotting using an anti-p21 polyclonal antibody (sc-471, Santa Cruz). Upper panel; p53 +/+ mouse ®broblasts, lower panel; p53 7/7 mouse ®broblasts some conformational change of wild-type p53 induced by heat shock may stimulate association of p53 with Hsc 70. p53 might be concomitantly transported into the nuclei of heat-treated cells in association with the translocation of Hsc 70 from the cytoplasm to the nuclei, which occurs after heat shock (Welch and Feramisco, 1984) . More than 50% of malignant cancer cells have been reported to have mutations in the p53 gene (Vogelstein, 1990) . Even if there are no mutations in the p53 gene itself, the function of p53 may become defective by other mechanisms in cancer cells. For example, p53 protein is degraded rapidly in HeLa cells due to association with E6 protein produced by papilloma virus, and is exclusively located in the cytoplasm in most neuroblastoma cells by an yet unknown mechanism (Moll et al., 1995) . Furthermore, in some malignant tumors, the function of wild-type p53 protein is inhibited by association with overexpressed Mdm2 protein (Barak et al., 1993) . Therefore, it is assumed that cancer cells have some defects in p53 function in addition to the reported mutations in the p53 gene. The cell cycle of these cells may proceed even under unfavorable conditions such as high temperature. This might explain why many cancer cells are more sensitive to hyperthermia than normal cells.
Our ®ndings that the cell cycle arrest induced by heat shock was dependent on the normal function of p53 will provide a new basis for cancer therapy. It may be possible to introduce cytotoxic drugs selectively into cancer cells with defective p53 function while the cell cycle of normal cells is arrested after heat shock. In an in vitro pilot experiment, we found that addition of 6-thioguanine to heat-treated co-cultures of normal human fibroblasts and HeLa cells caused selective elimination of HeLa cells from the cultures within three days (data not shown).
Materials and methods
Cells and culture
Normal human ®broblasts (Mori) were obtained from a foreskin biopsy specimen and established in this laboratory. Primary mouse ®broblasts were obtained from embryo lungs. Establishment of p53 gene knock-out mice was described elsewhere (Tsukada et al., 1993) . Brie¯y, exon 2 of the p53 gene was replaced with a targeting vector containing the neo r gene. As a result of homologous recombination, the translation initiation codon was disrupted, and no expression of p53 protein was detected by Western blotting. All primary ®broblasts and HeLa cells were cultured in Dulbecco's modi®ed Eagle's MEM (DMEM) supplemented with 10% fetal calf serum, penicillin G (100 units/ml), and streptomycin (100 mg/ml) in a humidi®ed 5% CO 2 incubator.
Immunocytochemistry
Nuclear accumulation of p53 was detected by an indirect immunostaining method as described elsewhere (Yamaizumi and Sugano, 1994) . Brie¯y, cells were cultured on coverslips (17 mm in diameter) in plastic dishes (30 mm in diameter) for at least 2 days to reach the logarithmic growth stage. Just before heat shock, medium volume was adjusted to 1.0 ml and cells were incubated for 45 min at 438C in a humidi®ed CO 2 incubator. Cells were then cultured for various periods at 378C. For immunostaining, cells were ®xed with 80% methanol for 10 min at 7108C, washed vigorously with PBS, and stained for 40 min at room temperature with a monoclonal antibody against p53 (1:200 dilution, Pab 1801, Oncogene Science). After washing with PBS, cells were counterstained for 40 min at room temperature with FITC-conjugated anti-mouse IgG (1:100 diluted, Cappel).
Cell cycle analysis
Cells (1*1.5610 5 ) were cultured in plastic dishes (60 mm in diameter) for at least 2 days to reach the logarithmic growth stage. Just before heat shock, medium volume was Figure 7 Expression of p21 during the cell cycle. Expression of p21 in heat-treated normal human ®broblasts was analyzed with ā ow-cytometer using a double staining method. Heat-treated or u.v.-irradiated cells were cultured at 378C for 6 h (b and f), 12 h (c and g), 24 h (d and h), or 48 h (e and i), and stained for DNA with propidium iodide (PI) and for p21 with a monoclonal antibody (OP64, Oncogene Science). Non-treated cells, which were cultured at 378C without u.v.-irradiation, were used as controls (a) G1/S arrest by heat shock through p53 M Nitta et al adjusted to 2.5 ml. Cells were cultured for 45 min at 438C in a humidi®ed CO 2 incubator, and then cultured for various times at 378C. For single staining cell cycle analysis, cells were ®xed with 70% ethanol on ice for 45 min, washed with PBS, treated with RNase A (100 mg/ ml) for 15 min at 378C, and stained for DNA with propidium iodide (PI) (10 mg/ml) for 30 min at room temperature. For double staining cell cycle analysis, heattreated (438C, 45 min) cells, which were cultured for various periods at 378C, were labeled with 10 mM bromode oxyuridine (BrdU) for 20 min, harvested by trypsinization, and washed with PBS. 5610 6 cells were ®xed with 70% ethanol on ice for 30 min and permeabilized by treatment with 2N HCl and 0.5% Triton X-100 at room temperature for 45 min. Cells were then centrifuged, and resuspended in 0.1 M Na 2 B 4 O 7 solution (pH 8.5) to neutralize the acid. After 30 min incubation with a¯uorescein-conjugated antiBrdU antibody (1:4 dilution; Pharmingen), cells were treated with RNase A (100 mg/ml) for 15 min at 378C, and stained with PI (10 mg/ml) for 30 min at room temperature. In total, 15 000 cells were analysed using ā ow-cytometer (FACS system, Becton Dickinson). Percentages of cells in each phase of the cell cycle were determined using Cell Quest software (Becton Dickinson).
Assay for cell growth
Two methods were used to evaluate the eects of heat shock on cell growth. For clonogenic cell growth, 100 cells were inoculated into plastic dishes and incubated for 5*7 h to allow them to settle. Dishes with a diameter of 100 mm containing 5 ml of culture medium and those with a diameter of 60 mm containing 2.5 ml culture medium were used for human ®broblasts and other cells (HeLa cells and mouse cells with a p53 7/7 genotype), respectively. The cells were incubated for various times at 438C, and then fresh medium was added at a ®nal volume of 9 ml for 100 mm dishes and 4 ml for 60 mm dishes, respectively. Seven to 10 days later, cells were ®xed with 50% methanol, stained with Giemsa and numbers of colonies were counted. Triplicate dishes were used for each treatment.
Growth rate was measured as follows. Appropriate numbers of cells were inoculated into 60 mm dishes and incubated for 2 days to reach the logarithmic growth stage. Cells were heated at 438C for 45 min as described above and incubated at 378C for a few days. At each time point, cells were harvested by trypsinization, and viable cells were counted with a hemocytometer after mixing with an equal volume of 0.2% trypan blue solution.
Expression of p21 in the cell cycle
Cell culture and heat treatment were performed as described above. Cells were pre®xed with 3.7% formaldehyde for 5 min and then ®xed with 70% ethanol on ice for 30 min. These cells were then incubated with an anti-WAF 1/p21 mouse IgG antibody (1:100 dilution; Oncogene Science) for 30 min at room temperature, and then incubated with a¯uorescein-conjugated anti-mouse IgG antibody (1:100 dilution; Cappel) for 30 min at room temperature. PI staining was performed as described above. Expression of p21 during the cell cycle and the time course of expression were analysed with a¯ow-cytometer (FACS system, Cell Quest software, Becton Dickinson).
Western blotting
Cells were heated as described above, cultured at 378C for various periods, and detached from dishes with trypsin and EDTA. After washing with PBS, cell number was counted using a hemocytometer. Immediately after cell lysis in sample buer (1.7% SDS, 17% glycerol, 0.1 M dithiothreitol, 0.083 M Tris, pH 6.8) at a cell concentration of 1610 4 cells/ml, cell extracts were boiled for 15 min, and stored at 7308C before use. Samples (1610 5 cells per lane) were analysed by SDS ± PAGE containing 15% polyacrylamide. After electropheresis, gels were immersed in TB (48 mM Tris, 39 mM glycine, 20% methanol), gently shaken for 10 min at room temperature and then proteins were transferred to Immobilon-P Transfer Membranes (Millipore, USA) with a semi-dry electroblotter (Nihon Eido, Tokyo, Japan). The transfer membranes were then immersed in BB consisting of 3% skimmed milk (DIFCO) and 3% fetal calf serum in TBS (0.02 M Tris, 0.1 M NaCl, pH 7.5), gently shaken for 30 min at room temperature, and reacted with a mouse monoclonal antibody (OP64, Oncogene Science), or a rabbit polyclonal antibody (sc-471, Santa Cruz) against p21 for 30 min at 378C. The membranes were washed with TTBS (0.02 M Tris, 0.1 M NaCl, 0.05% polyoxyethylene sorbitan monolaurate (Tween 20, Nacalai Tesque, Kyoto, Japan pH 7.5), reacted with a sheep anti-mouse IgG antibody conjugated with horseradish peroxidase or a monkey antirabbit IgG antibody conjugated with horseradish peroxidase for 30 min at 378C, and extensively washed with TTBS. p21 was detected by enhanced chemiluminescence (ECL, Amersham, USA) according to the manufacturer's protocol.
